ABSTRACT
pilepsy, which is characterized by recurrent spontaneous seizures, is one of the most common neurologic disorders. 1 Despite the development of third-generation antiepileptic drugs during the past 3 decades, 20%-30% of patients with epilepsy remain resistant to drug treatment. 2, 3 The mechanisms of drug resistance in epilepsy remain unclear. Among the mechanisms of drug resistance in epilepsy, increasing experimental and clinical evidence supports the transporter hypothesis. 4 Several studies have suggested that the increased expression of efflux transporters, such as p-glycoprotein (Pgp), at the blood-brain barrier in the focal tissue limits the penetration of antiepileptic drugs into the focus. 5, 6 In the human brain, Pgp exhibited a highly localized overexpression on the vascular endothelium and the end-feet of the vascular glia in cases of drug-resistant epilepsy (DRE). 7 Consequently, the problem of drug resistance in epilepsy might be resolved by the development of a new treatment strategy targeting the transporter mechanism. In developing such a strategy, surrogate markers should objectively pinpoint the expression of transporters such as Pgp. More important, surrogate markers should be used noninvasively to render the technique readily applicable in clinical practice. Several recent clinical trials have evaluated Pgp expression in humans via positron-emission tomography by using the Pgp substrate (R)- [ 11 C]-verapamil and Pgp inhibitors, such as tariquidar or cyclosporin A (CS). 8, 9 Several investigators have performed (R)-[ 11 C]-verapamil PET in patients with epilepsy to compare the expression of Pgp between patients with DRE and healthy controls, by using the percentage changes in verapamil influx or the efflux rate before and after Pgp inhibitor injection. However, to our knowledge, there has been no study for MRI-negative neocortical epilepsies, and previous methods were applied only to medial temporal lobe epilepsy (TLE). Furthermore, they confirmed that the change in the verapamil influx rate was smaller in patients with DRE compared with healthy controls; this difference necessitated the use of complex analytic methods, including invasive serial arterial sampling, which has limited applicability in clinical practice.
Another problem is that in (R)-[ 11 C]-verapamil PET, it is impossible to find focal hypo-or hyper-radio uptake regions because when one uses the Pgp inhibitor, individually distinct Pgp functions of the whole brain and regional differences in Pgp expression may result in interindividual variability of radiotracer uptake in the whole brain and specific brain regions. 10, 11 Therefore, to develop a more feasible surrogate marker that can be used in clinical practice, we performed (R)- [ 11 C]-verapamil PET and MR imaging with intravenous infusion of cyclosporin A without serial arterial sampling (VPM-PET/MR-CS). The subject population comprised patients who were drug-resistant and seizure-free with various types of epilepsy, MRI-negative neocortical epilepsy. We analyzed the data by using statistical probabilistic anatomical mapping (SPAM) with the asymmetry index (AI) of the standard uptake value (SUV). We hypothesized that Pgp activity is higher in the epileptic foci compared with the contralateral normal area in patients with drug-resistance, and the asymmetry will be larger than that in healthy individuals or patients who are seizure-free.
MATERIALS AND METHODS

Subjects
Patients with epilepsy (age range, 18 -53 years) who were either drug-resistant or drug-sensitive were recruited between January 2013 and March 2014 from epilepsy clinics led by an epileptologist (S.K.L.) at Seoul National University Hospital. All patients had been examined for 24 hours by using video electroencephalography monitoring, and patients with DRE had previously undergone presurgical evaluation. "DRE" was defined as the failure of adequate trials of 2 tolerated and appropriately chosen and used antiepileptic drugs schedules (whether as monotherapies or in combination) to achieve sustained freedom from seizures. 12 "Seizure-free drug-sensitive epilepsy" (DSE) was defined as a well-controlled state, free of all seizures, in a patient receiving antiepileptic drugs for at least 1 year before PET scanning. We investigated the baseline characteristics and the results of the previous video electroencephalography monitoring, brain MR imaging, single-photon emission CT, and [ 18 F]-fluorodeoxyglucose-PET examinations in each patient (On-line Table 1 ). Healthy control subjects (age range, 20 -40 years) without other disorders, including neurologic or psychiatric disorders, who were not taking any drugs were recruited through a notice on the bulletin board of the Biomedical Research Institute of the Seoul National University Hospital. Before inclusion, all subjects underwent a screening interview, neurologic and general medical examinations, complete blood count, and routine biochemical (liver and kidney function) testing. This study was approved by the institutional review board at Seoul National University Hospital and was performed in accordance with the Investigational New Drug application of the Korea Food and Drug Administration and was registered at www.ClinicalTrials.gov (NCT02144792).
PET/MR Imaging and Experimental Procedures
The PET imaging procedures in our study were performed as described previously. 8 Participants underwent a 60-minute PET scan after an intravenous injection of 370 MBq of (R)-[ 11 C]-verapamil radiotracer (range, 333-407 MBq). Simultaneous acquisitions of 3D dynamic PET images and T1-weighted MR images were performed by using a Biograph mMR (Siemens, Erlangen, Germany). During the scans, subjects were instructed to lie in a supine position with their heads affixed to a device designed to minimize movement. After routine corrections such as normalization, ultrashort echo time MR imaging-based attenuation, scatter, and decay corrections, the PET imaging data acquired in list mode were reconstructed by using a filtered back-projection. The dynamic volumetric images were sequenced by using the following framing: 8 ϫ 2.5, 16 ϫ 5, 10 ϫ 60, and 10 ϫ 240 seconds. To evaluate Pgp expression, we initiated intravenous CS infusion (2.5 mg/kg/h and 50 mg/mL; Sandimmune; Novartis Pharmaceuticals, Basel, Switzerland) 1 hour before the acquisition of the PET/MR imaging scans. CS infusion was continued during the PET scan to a maximum of 2 hours from the start of the infusion. Blood samples were taken before and after the PET scan to determine CS concentrations by highperformance liquid chromatography.
PET Data Analysis and Acquisition of Asymmetry Indices
PET images were coregistered to the subject's T1 MR images and spatially normalized to a T1 template provided by statistical parametric mapping by using SPM8 software (http://www. fil.ion.ucl.ac.uk/spm/software/spm8) (Fig 1) . Voxelwise calculations of SUV, [Voxel Intensity (Bq/mL)/Injected Dose (Bq)/ Body Weight (g)], was performed in each dynamic PET frame. Dynamic SUVs in 98 brain ROIs were obtained by using the population-based SPAM, which was constructed by incorporating anatomic and functional variabilities among 152 healthy volunteers and automatically labeling brain structures in functional data in the Montreal Neurological Institute space. 13, 14 Because the uptake of (R)-[ 11 C]-verapamil in the choroid plexus results in a spillover of radioactivity into the neighboring medial temporal structures, including the hippocampus, parahippocampal gyrus, and amygdala, our investigator (S.A.S.), who was unaware of the participants' clinical statuses, masked out the choroid plexus in the individual normalized PET image; volumes for the hippocampus of the individually modified SPAM maps were calculated (On-line Table 2 If Pgp is overexpressed in the right region, the SUV of (R)-[
11 C]-verapamil in the right region is smaller than that in the left region, resulting in a negative AI. If Pgp is overexpressed in the left region, the SUV in the left region is smaller than that in the right region, resulting in a positive AI. We compared asymmetry in healthy controls and patients with epilepsy by using the AIs. To compare the AIs between patients with lateral TLE and the medial TLE group, AIs were assessed in 6 ROI pairs of the temporal lobe. The medial temporal structures included the hippocampus, amygdala, and parahippocampal gyrus. The lateral temporal structures included the superior, middle, and inferior temporal lobes (Fig 2) .
Genotyping Methods
We used the genotyping method described by Kim et al. 15 Genotyping of the ABCB1 2677GϾT, 1236CϾT, and 3435CϾT singlenucleotide polymorphisms was performed by using validated TaqMan SNP Genotyping Assays (Applied Biosystems, Foster City, California).
Statistical Analyses
Statistical analyses were performed by using SPSS for Windows (Version 21.0; IBM, Armonk, New York). A Mann-Whitney U test and Fisher exact test were used to compare the basal characteristics between the DRE and DSE groups, including age, sex, duration of epilepsy, and the number of antiepileptic drugs taken. In addition, AIs of healthy controls, patients with DRE, and those with DSE were compared by using a Mann-Whitney U test. Associations between ABCB1 polymorphisms and whole-brain SUVs and associations between serum concentration of CS and wholebrain SUVs were determined by using Spearman correlations. A P value Ͻ .05 was considered significant.
RESULTS
Ten healthy men (median age, 27 years; range, 22-36 years), 6 patients with DRE (median age, 37 years; range, 26 -52 years), and 5 patients with DSE (median age, 25 years; range, 18 -53 years) underwent VPM-PET/MR-CS. Data from 2 healthy controls and 1 patient with DSE were excluded due to technical errors. In 2 healthy controls, the PET/MR imaging stopped working during the scan. One patient with DSE did not receive the full dose of cyclosporin A due to the infusion pump stopping during the PET/MR imaging. No difference in basal characteristics was found between the patients with DRE and those with DSE, except for the duration of epilepsy (DRE: median, 20.5 years; range, 5-42 There was interindividual variability in the radioactivity of the whole brain in healthy participants, and regional distributions of radioactivity were different in each individual (On-line Fig 1A) . Moreover, radioactivity of the whole brain was independent of the serum concentration of CS (r ϭ .100, P ϭ .701) and ABCB1 up-regulation (On-line Fig 1B and On-line Table 3 ).
Five healthy controls reported hot flushes in the body during the infusion of CS, and 1 healthy control had mild nausea. However, no other side effects were observed during the experimental period.
Different Values of AIs in Patients with DRE and Healthy Subjects
All patients with DRE had more asymmetry between ipsilateral ROIs and contralateral ROIs than healthy subjects, while there were no significant differences in AIs between patients with DSE and healthy controls (Figs 3 and 4) . In TLE, PET data from 3 patients with left temporal lobe DRE showed significantly more positive AIs than those from healthy controls (healthy controls: 4.0413 Ϯ 1.7452; patients: 7.2184 Ϯ 1.8237; P ϭ .048), suggesting that Pgp overexpression was in the left temporal area. PET data from 2 patients who had right temporal lobe DRE showed significantly more negative AIs than those from healthy controls (patients, Ϫ1.6496 Ϯ 3.4136; P ϭ .044), suggesting Pgp overexpression in the right temporal area (Fig 3B) .
PET data from a patient who had a right frontal lobe DRE showed the largest negative AI. This means that the SUV of the right frontal lobe in this patient was much lower than that of the left frontal lobe and that the AI of this patient was different from AIs of healthy controls (healthy controls: Ϫ1.9963 Ϯ 1.6329; patient, Ϫ9.0502) (Fig 3A) .
In addition, we compared AIs in the temporal lobe between patients with drug-resistant and drug-sensitive left TLE. AIs in patients with DRE were larger than those in patients with DSE, though this result was not statistically significant (DRE: 7.2183 Ϯ 1.8237; DSE: 3.9473 Ϯ 0.5101, P ϭ .100).
Possibility of Localization by Using VPM-PET/MR-CS
We investigated whether localization of the epileptic focus is possible by using our method. We compared the characteristics of AIs between the medial TLE and lateral TLE groups. The lateral TLE group had significantly different AIs from those of healthy subjects in the superior (healthy subjects: 3.7592 Ϯ 2.7825; patients: 15.0673 Ϯ 10.2462; P ϭ .024) and middle temporal gyri (healthy subjects: 0.4077 Ϯ 3.0872; patients: 7.3093 Ϯ 1.9225; P ϭ .012), but not in the medial temporal structures. Moreover, significant differences in AIs were observed between patients with medial TLE and healthy subjects in the hippocampus but not in the lateral structures (healthy subjects: 10.4622 Ϯ 4.9800; patients: Ϫ4.2948 Ϯ 2.7194; P ϭ .044) (On-line Table 4 ).
DISCUSSION
The primary objective of this study was to confirm the usefulness of noninvasive quantitative PET methods including SPAM, with AIs of the SUVs as a surrogate marker in DRE. We also wanted to determine whether this method could help us localize the epileptic zone. In our study, significant asymmetry of Pgp expression was confirmed in all patients with DRE compared with healthy controls, and the absolute values of AIs in patients with drugresistant left TLE also were larger than those in healthy subjects and patients with drug-sensitive left TLE. There was no difference between the DSE group and healthy controls. In addition, we were able to find different asymmetry patterns between patients with lateral TLE and those with medial TLE.
Two previous studies examined patients with DRE by using (R)-[
11 C]-verapamil PET. In a pilot study, (R)-[ 11 C]-verapamil PET was performed in 7 patients with drug-resistant TLE who had hippocampal atrophy. 16 In this study, the increased efflux of (R)- A) marking volumes of interest including the frontal, parietal, temporal, occipital cortices, and temporal ROIs (B), including the hippocampus, amygdala, parahippocampus, superior temporal gyrus, middle temporal gyrus, and inferior temporal gyrus by the population-based SPAM. A, Red indicates the frontal cortex; cyan, the temporal cortex; green, the parietal cortex; yellow, the occipital cortex. B, Red indicates the hippocampus; violet, the amygdala; cyan, the parahippocampus; blue, the superior temporal gyrus; green, the middle temporal gyrus; yellow, the inferior temporal gyrus.
FIG 2. T1-weighted MR images (axial view,
compared with patients with DSE, the influx of (R)- [ 11 C]-verapamil was less significantly increased in the patients with drugresistant TLE. 17 In our study, AIs of the left TLE group were more positive than those in healthy controls, suggesting an overexpression of Pgp in the left temporal lobe and a low uptake of (R)-[ 11 C]-verapamil. The AIs of the right TLE were also more negative than those in healthy controls. In addition, asymmetries in patients with drug-resistant left TLE were larger than those in patients with drug-sensitive left TLE. Considering the coherence of the results of several studies, including our results, (R)-[
11 C]-verapamil PET might serve as an important and useful noninvasive surrogate marker for DRE.
To our knowledge, this is the first report to confirm that (R)-[ 11 C]-verapamil PET could facilitate evaluation of a surrogate marker in patients with DRE including neocortical epilepsy. In addition to lateral temporal lobe epilepsy, a patient who had drugresistant MRI-negative right frontal lobe epilepsy had different asymmetry in the frontal lobe than healthy subjects. This patient had a much larger negative AI than the healthy controls, suggesting an overexpression of Pgp in the right frontal lobe. In addition, there also was no difference in drug-sensitive frontal lobe epilepsy. For localization, we tried to compare the asymmetry patterns between patients with DRE with medial TLE and lateral TLE. All patients with lateral TLE had a significant asymmetry in the superior and middle temporal gyrus, but not in the medial temporal structures. Moreover, 2 patients with medial TLE had significantly different asymmetry in the hippocampus, but not in the lateral temporal structures. Given the different patterns between the medial and lateral TLE groups, this method could be helpful in localizing the epileptic zone.
Among the cases, a second patient (patient 2) had the longest standing drug-resistant left TLE, and decreased SUV in all of the left lobes indicated broad Pgp overexpression in the left hemisphere (data not shown). Considering that the DRE group, including this patient, had a longer duration of disease than the DSE group, seizure duration might be an important factor in the overexpression of Pgp. We also analyzed the relationship between the duration of epilepsy and the absolute value of the AIs in patients with left DRE and DSE TLE (n ϭ 6) by using the Spearman nonparametric correlation coefficient and found a significant correlation (r ϭ 0.928, P ϭ .008). Indeed, a recent study investigated the correlation between Pgp overexpression and clinical features (age, age at the onset of habitual seizures, duration of seizure history, seizure frequency per year, and number of Pgp inducers or substrates taken). There was a positive correlation among seizure frequency, number of medications that induce Pgp, and overexpression of Pgp, with no other significant relationships observed. 7 Given the various results from many studies, there is ongoing debate regarding which clinical features affect the overexpression of Pgp, and additional studies are required to address this issue. The use of (R)- with a medium dosage of a Pgp inhibitor to increase the baseline signal and thus create larger differences in the brain concentrations of the tracer between the healthy and diseased brain. 9 At an acceptable dose, 17%-58% of Pgp inhibition with tariquidar (2-8 mg/kg) and 38%-50% of Pgp inhibition with CS (2.5 mg/kg/h) were observed by evaluating Pgp inhibition on (R)-[ 11 C]-verapamil PET imaging. 18 However, interindividual variability regarding affinity and response to the substrate or inhibitor may also complicate the outcome when using a moderate dose of a Pgp inhibitor. 19 Our data also showed individual variability among all the participants, similar to that observed in previous studies. 10 In addition, the interindividual variability was unrelated to polymorphisms of the ABCB1 gene, including 3435T/T carriers, which had influenced the influx rate of the Pgp substrate drug in a previous study. 20 Given the small sample size in our study, we could not determine the influence of these polymorphisms on regional Pgp activity statistically. Also, several studies have shown that the effect of Pgp inhibitors is rapid, and the Pgp function is promptly restored on the elimination of the inhibitors. 21, 22 Our study showed a rapid decrease in the radioactivity of the whole brain soon after the infusion of Pgp inhibitor was terminated, despite the maintenance of the serum concentration of CS (data not shown). Therefore, a novel Pgp inhibitor with enhanced affinity and a longer half-life for binding Pgp will be required. This study has several limitations. First, due to the small sample size in each group, we were unable to detect statistically significant differences in patients with frontal lobe epilepsy. However, despite the small sample size, we showed robust differences in the asymmetry patterns of patients with DRE and healthy controls and patients with DSE. Second, our study did not consider cerebral blood flow measurements. The regional uptake of (R)-[ 11 C]-verapamil can become dependent on regional cerebral blood flow when Pgp is partially inhibited. 23 However, because (R)-[ 11 C]-verapamil is a low-extraction radiotracer, its uptake is considered insensitive to changes in cerebral blood flow. 10 In addition, Muzi et al 8 reported that the CS modulation of Pgp increased the blood-brain transfer of (R)- [ 11 C]-verapamil into the brain by 73%, and this increase was significantly greater than changes in blood flow by 13%.
Despite some problems with the use of VPM-PET/MR-CS, considering the different asymmetry in the DRE group, but not in the DSE group, from that of healthy subjects, the AI could be a useful surrogate marker of DRE in clinical practice. If one used SPAM with the AI of VPM-PET/MR-CS, it might be possible to predict the drug response in each patient and consider the appropriate surgical treatment more proactively. In addition, patients with DRE exhibiting Pgp overexpression could be treated with a Pgp inhibitor. A recent pilot study reported that the adjunctive use of verapamil (120 mg/day), which was used as a Pgp inhibitor in patients with DRE, improved the response rate. 24 In the future, our method should be applied to more variable neocortical epilepsy cases.
CONCLUSIONS
On the basis of the results obtained to date, we confirmed the importance of Pgp expression in DRE by using a noninvasive method including SPAM analysis with AIs. Therefore, an AI obtained by using VPM-PET/MR-CS might be used as a surrogate marker of Pgp expression in patients with epilepsy and might serve as an important prognostic factor for individualized drug therapy. Moreover, the results showing that ipsilateral lesions had low SUVs and the difference in asymmetry patterns between medial and lateral temporal epilepsy groups showed that our method may be a useful tool for localization of the epileptic zone. In the future, prospective studies by using VPM-PET/MR-CS in patients with recent-onset epilepsy are necessary for assessing predictive value.
